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Abstract

Objectives: Tongue volume reduction is an adjunct
treatment in several orofacial orthopaedic procedures
for various craniofacial deformities; it may affect
structural reconstitution and functional recovery as a
result of the repair process. The aim of this study was
to investigate myogenic regeneration and structural
alteration of the tongue following surgical tongue
volume reduction.

Materials and methods: Five 12-week-old sibling
pairs of Yucatan minipigs (three males and two
females) were used. Midline uniform glossectomy
was performed on one of each pair (reduction); sib-
lings had identical incisions without tissue removal
(sham). All pigs were raised for a further 4 weeks
and received 5-bromo-2-deoxyuridine (BrdU) injec-
tion intravenously 1 day before killing. Tissue
sections of tongues were stained with anti-BrdU
antibody to evaluate numbers of replicating cells.
Haematoxylin and eosin plus trichrome staining were
performed to assess muscular structure.

Results: Reduction tongues contained significantly
more BrdU+ cells compared to sham tongues
(P < 0.01). However, these BrdU+ cells were mostly
identified in reparative connective tissues (fibro-
blasts) rather than in regenerating muscle tissue
(myoblasts). Trichrome-stained sections showed dis-
organized collagen fibres linked to few intermittent
muscle fibres in the reduction tongues. These myo-
fibres presented signs of atrophy with reduced peri-
mysium and endomysium. Matrix between reduced
perimysium and endomysium was filled with fibrous
tissue.
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Conclusions: Fibrosis without predominant myo-
genic regeneration was the major histological conse-
quence of surgical tongue volume reduction.

Introduction

The tongue plays an important role in various oral func-
tions such as respiration, speech, deglutition and mastica-
tion. As a large muscular organ comprised of four intrinsic
(superior longitudinal, inferior longitudinal, transversus
and verticalis) and four extrinsic (genioglossus, styloglos-
sus, palatoglossus and hyoglossus) muscles, the tongue
fills the majority of the oral cavity in most mammals. Pre-
vious studies have demonstrated that alteration of tongue
volume significantly affects functional loads on its sur-
rounding osseous tissues (1), thus resulting in profound
effects on craniofacial growth and occlusal development,
over time (2).

In addition to its application in different types of true
macroglossia (3—6), surgical tongue volume reduction is a
relatively common part of adjunct treatment for Class III
skeletal malocclusion (prognathism), severe open bite and
bimaxillary dento-alveolar protrusion (7,8), such as man-
dibular setback and maxillary Le Fort osteotomy, in order
to adapt space-reduced oral cavity, lower risk of relapse
and obtain better overall function. However, little has been
identified regarding healing processes and morpho-
logical/histological consequences in the tongue after such
surgical procedures.

A number of studies has shown that skeletal muscle is
capable of extensive and prompt regeneration after injury,
and the healing process occurs through destruction, repair
and remodelling phases (9—13). Regeneration of myofi-
bres begins with activation of myogenic precursors, the
satellite cells. These quiescent cells are normally located
between the basal lamina and plasma membrane of myofi-
bres, and are activated by disruption of the sarcolemma
and consequent myofibre necrosis. They proliferate and
differentiate as myoblasts that fuse to form multinucleate
myotubes, which may subsequently fuse with surviving
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stump myofibres, thus providing continuity across the
injured region (14—16). Newly formed myotubes produce
muscle-specific proteins and mature into conventionally
recognizable muscle fibres with peripherally located
nuclei (10,16-20). Also during the repair phase, fibro-
blasts invade the damaged area and begin to produce
extracellular matrix (ECM) to restore framework of the
connective tissue (21,22). In most situations, severely
destroyed muscle fibres are replaced by fast growing
fibrous tissue, which compromises function of the affected
muscles (23). It has also been demonstrated that popula-
tions of muscle precursor cells (MPC) within craniofacial
muscles are distinct from certain types of skeletal muscle,
such as limb muscles. Craniofacial muscles regenerate
less effectively than limb muscle in response to both
exogenous and endogenous injuries (24).

Muscle healing after surgical injury is a complex pro-
cess requiring coordinated interaction between MPCs
or satellite cells, growth factors, cytokines, inflammatory
components, vascular components and ECM (25). To
date, there has been no effective therapeutic approach to
improve muscle healing. While glossectomy is applied
extensively clinically, very few studies have been carried
out to examine its healing and repair processes either in
clinical or laboratory settings. The present study has been
performed to address this topic and to test the hypothesis
that partial fibrosis without predominant myogenic regen-
eration is the major histological consequence after surgical
tongue volume reduction.

Materials and methods

Tongue surgery

Five sibling pairs (three males and two females) of 12-
week-old Yucatan minipigs were obtained from Sinclair
Research Center, MO. Of each pair, one was subjected to
midline uniform glossectomy (reduction) as clinically
performed (3) (Fig. 1a), and the other underwent sham
surgery. Tongue tissue was removed uniformly in three
dimensions by 15-18% of its original volume (26). Sham
surgery was performed by making an incision 2-3 mm
deep from the tongue surface with the same pattern as used
for tongue reduction surgery, but without tissue removal.
Animals were maintained for 4 weeks after surgery. Body
weights were monitored twice weekly over the experimental
period. All procedures were approved by the University of
Washington Institutional Animal Care and Use Commiittee.

Specimen preparation

One day before killing, 5-bromo-2-deoxyuridine (BrdU)
was injected (40 mg/kg) into the pigs through the left
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Figure 1. Schema of tongue volume reduction surgery and demarca-
tion of histological sections. (a) Surgical incision lines in dorsal and
cross-sectional views. Black portions of diagram depict the removed ton-
gue tissue. CP, circumvallate papilla. Dots indicate the location of the
neurovascular bundles in the ventral area of the tongue. (b) Schematic of
locations for histological sections from three directions of the tongue.
R, Rostral; ¢, Caudal; S, sagittal sectioning; C, coronal sectioning;
H, horizontal sectioning. The hatched section is the central part of
surgery-involving area which was used for anti-BrdU staining.

ear vein. BrdU labels cells undergoing DNA replication
in S phase of the cell cycle. Thus, postmortem quantifi-
cation of BrdU-labelled cells provides a direct measure-
ment of cell proliferation and progeny differentiation can
be observed in tongues after reduction or sham surgery.
Upon killing, cardiac perfusion was performed with
0.9% saline solution followed by diluted Prefer, a forma-
lin-free fixative (Anatech Ltd, Battle Creek, MI, USA),
then tongues were harvested. After fixations for 1.5—
2 weeks in Prefer solution, excised tongues were divided
into 14 and 11 (without blocks S1, H2 and C11) blocks
for sham and reduction tongues, respectively (Fig. 1b).
These blocks provided composite three directional view
of tongue structures, that is, sagittal (S1, 3, 5, 7, 9), hori-
zontal (H2, 4, 6, 8, 10) and coronal (C11, 12, 13 14) in
three anatomical zones of the tongue, blade, body and
base (26). All blocks were embedded in paraffin wax,
sectioned at thickness of 10 um, and stained with either
haematoxylin & eosin (H&E) or Masson’s trichrome.
Numbers and orientations of myofibre bundles, distribution
and size of individual muscle fibres, and perimysium and
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endomysium of myofibres in each direction, were exam-
ined. Distribution and organization patterns of collagen
fibres and their relationships to myofibre bundles were
also evaluated. Serial sections from blocks S5 (sagittal),
H6 (horizontal) and C13 (coronal), centre regions of
surgery-involved areas (Fig. 1b, hatched area), were
stained for BrdU-labelled cells to examine cell prolifera-
tion activity using the slightly modified protocol, previ-
ously used on rats (27). Briefly, staining procedures were
as follows: tissue sections were incubated sequentially at
room temperature with (i) primary antibody to BrdU-
labelled DNA [diluted 1:150 in phosphate-buffered
saline (PBS)] for 60 min; (ii) secondary antibody
(biotinylated horse antimouse IgG) for 30 min, (iii)
tertiary antibody (streptavidin horseradish peroxidase)
for 30 min and (iv) 3,3’-diaminobenzidine (DAB) for
90 s. Sections were washed in PBS (5 min, three times)
after each step.

Image capture and data processing

Low magnification (1x) images showing the entire section
were first captured using a Nikon Eclipse E400 micro-
scope (Nikon Corporation, Tokyo, Japan) and MetaVue
software (Universal Imaging Co., Downtown, PA, USA).
Each 1x sagittal or coronal images was further divided
into nine subregions, and each 1x horizontal image was
divided into six subregions (Fig. 2a—c). One 4x image
was saved for general assessment of each selected subre-
gion at each direction, and two 40x images were further
captured separately from central-top and central-bottom
portions of each 4x image (Fig. 2d).

To collectively demonstrate regional distribution of
BrdU+ cells in three directions, counted cells from partic-
ular subregions were further grouped according to orienta-
tion. For sagittal sections, groups were vertical (dorsal,
centre and ventral) and longitudinal (rostral, middle and

Figure 2. Regional assignment for cell counting and illustrations of cell counting and cell types. (a) 1x image of sagittal section, which was divided
into nine subregions: rostral dorsal (RD), middle dorsal (MD), caudal dorsal (CD), rostral centre (RC), middle centre (MC), caudal centre (CC), rostral
ventral (RV), middle ventral (MV) and caudal ventral (CV). (b) 1x image of coronal section, which was also divided into nine subregions: dorsal right
(DR), dorsal middle (DM), dorsal left (DL), middle right (MR), MC, middle left (ML), ventral right (VR), ventral middle (VM) and ventral left (VL).
(c) Ix image of horizontal section, which was further divided into six subregions: medial rostral (MR), medial middle (MM), medial caudal (MC), lateral
rostral (LR), lateral middle (LM) and lateral caudal (LC). (d) 4x image showing two sampling fields (1, central-top; 2, central-bottom) in each subregions
above. (e) 40x image showing the methods for BrdU+ cells counts (arrows) using a calibrated grid. (f) 60x image showing different cell types. BrdU+
fibroblast nuclei (stripped arrows); BrdU+ myofibre nuclei (solid arrows); BrdU— cells (empty arrows).
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caudal) (Fig. 2a). For coronal sections, groups were verti-
cal (dorsal, centre and ventral) and transverse (left, centre
and right) (Fig. 2b). Longitudinal (medial and lateral) and
transverse (rostral, middle and caudal) groups were
applied for horizontal sections (Fig. 2c).

MetaMorph software (Universal Imaging Co.) was
used for total BrdU+ cell counting, which allowed user-
configurable measurement grids for images, and measure-
ment was carried out within each element in the grid.
Grids composed of 27 vertical and 20 horizontal lines
were applied for these cell counts, which produced
115 mm? fields and 588 square boxes with dimensions of
14 um for each box and 567 intersections. Only BrdU+
cells touching intersections of the grid were counted, and
numbers from the two 40x images were averaged for each
subregion (Fig. 2e).

Morphology of BrdU+ cells was identified to be
mostly round to elliptical with dark-brown stained nuclei
(Fig. 2f, solid and striped arrows). Counting was limited
to muscular tissues and did not include epithelium because
of its very active nature of cell replication over lifetime.
While satellite cells and/or myoblasts could not be distin-
guished without application of double staining for sarco-
lemmal or myoproteins such as desmin, tropomyosin and
skeletal actin, attention was paid to distinguish BrdU+
myogenic cells (satellite cells and/or myoblasts) from
BrdU+ connective tissue cells (fibroblasts) in each direc-
tion according to cell shapes and locations. Myogenic cells
were only identified when BrdU+ nuclei were located out-
side the sarcolemma but inside the basal lamina (28-31),
that is, only nuclei associated with myofibre were denoted
as myonuclei, which included satellite cells and/or myo-
blasts (Fig. 2f). In addition to location, cell morphology
was considered as a further identifier. Myonuclei were
mostly round in shape, whereas fibroblast and endothelial
nuclei were found elsewhere as elliptical to spindle-shaped
(Fig. 2f). Adipose cell nuclei were identified as non-
centrally located nuclei (in white adipose cells) and round
centrally located nuclei (in brown adipose cells). These
adipose cells were also excluded from the present assess-
ment. Because of limited appearance, myonuclear BrdU+
cells were counted without using intersections of the grid
as described earlier. Thus, in a given image, BrdU+ con-
nective tissue cells were only counted when they appeared
at intersections of the grid, whereas BrdU+ myonuclei
cells were counted without this restriction.

To test reproducibility, recounting was performed for
10 randomly selected images, and these counts were then
compared to original counts using Dahlberg’s equation
(\/ Zd2/2n) (32). In this equation, d is the overall differ-
ence in two separate counts of selected samples and n is
the number of samples; errors for total BrdU+ and BrdU+
myonuclear counts were 0.24 and 0.15 respectively.
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Haematoxylin & eosin and trichrome images from the
different orientations were also captured using the same
equipment as for BrdU+ cell counting under the different
magnifications, which were used for evaluating overall
muscular structure of the tongue qualitatively.

Statistical analysis

Descriptive data were first examined for distribution using
spss® statistical package (ver. 11.0; SPSS Inc, Chicago,
IL, USA), and parametric statistical approaches were
applied as the data were of normal distribution. Indepen-
dent #-tests were used to detect differences between sham
operated and reduction tongues for the same subregions
or grouped regions, and one-way ANOVA, followed by
Tukey post hoc tests were applied for comparing differ-
ences of regions in each group. Significance level was set
at P < 0.05.

Results

Assessment of overall cell proliferation

Myogenic and connective tissue BrdU+ cells were found
in both reduction and sham tongues, but their overall
appearances were relatively fewer cells in sham than in
reduction tongues. Myonuclei were only found in newly
formed myofibres, however, fibroblast nuclei were found
elsewhere in the matrix between perimysium and endo-
mysium (Fig. 2f). Overall ratios of BrdU+ myonuclei to
BrdU+ connective tissue nuclei were about 1-1.2 in sham
operated tongues and 0.6-0.7 in the reduction tongues
respectively.

Subregions aligning in the same orientation in each
direction were grouped to present regional differences of
cell proliferation activity between reduction and sham ton-
gues. Thus, there were vertical regions in both sagittal and
coronal sections (dorsal, middle and ventral), and longitu-
dinal regions in both sagittal and horizontal sections (cau-
dal, middle and rostral), and transverse regions in both
coronal (left, middle and right) and horizontal (medial and
lateral) sections. Cell counting in vertical regions of coro-
nal sections and transverse regions of horizontal sections
was not performed as these numbers were obtained from
counts of sagittal and coronal sections (Fig. 2a—c).

Overall, counts of BrdU+ cells in all three directions
were significantly higher in the reduction over sham ton-
gues in almost all grouped regions (P < 0.01) (Fig. 3). In
sagittal sections of reduction tongues, highest and lowest
counts were found to be in caudal central (CC) and caudal
dorsal subregions respectively. In sham tongues, however,
highest counts were found in the rostra-dorsal subregion,
while lowest were found in the CC among all subregions
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Figure 3. Comparisons of the total BrdU+ cells for grouped regions between the reduction and sham tongues. (a) sagittal sections, showing the
cell populations in the grouped vertical and longitudinal regions; (b) coronal sections, showing the cell populations in the grouped transverse region;
(c) horizontal sections, showing the cell populations in the grouped horizontal region. *P < 0.05; **P < 0.01.

of sagittal sections (Fig. 3a). Grouped vertical regions fur-
ther showed a pyramidal effect, in which centres of the
regions contained significantly higher numbers of prolifer-
ating cells (P < 0.01, Fig. 3a). Dorsal and ventral regions
had similar amounts of proliferating activity. Longitudi-
nally, highest counts were seen in the rostral region, while
middle and caudal regions had slightly fewer BrdU+ cells.
In comparison to vertical grouped regions of reduction
tongues, dorsal regions of sham tongues presented highest
counts followed by ventral and central regions. In the lon-
gitudinal grouped regions, sham tongues had the highest
activity in middle zones followed by rostra-caudal regions
(Fig. 3a).

Similar trends were also found in total counts of coro-
nal sections, of which reduction tongues had significantly
higher counts compared to those of shams in all three
grouped regions (P < 0.01, Fig. 3b), and highest numbers
were seen at middle centre, whereas the lowest were
observed in middle ventral subregions of reduction ton-
gues. Grouped transverse centre (middle) region exhibited
larger counts than those of left and right regions (Fig. 3b).

In sham tongues, however, cell proliferation activity had
similar trends across the three grouped transverse regions
with significantly lower cell numbers (P < 0.01, Fig. 3b).

Similarly, total BrdU+ cells were significantly higher
in reduction tongues than shams in grouped longitudinal
regions of horizontal sections (P < 0.01). While numbers
of counted cells gradually decreased rostro-caudally in
sham tongues, rostral regions had significantly higher
cell numbers than middle and caudal regions in reduction
tongues (Fig. 3c).

Assessment of myogenic cell proliferation

In sagittal and coronal sections, numbers of myoblasts
were higher in reduction than in sham tongues in grouped
vertical and transverse regions (P < 0.01), but numbers in
grouped longitudinal regions were conversely smaller
reduction than in sham tongues (P < 0.05-0.01)
(Fig. 4a,b). There was no significant difference between
numbers in reduction and sham tongues in grouped longi-
tudinal regions of horizontal sections (Fig. 4c). Regional
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verse region; (c) horizontal sections, showing the cell populations in the grouped horizontal region. *P < 0.05; **P < 0.01.

differences of BrdU+ myonuclear cell counts showed less
clear trends than overall BrdU+ cell counts.

Assessment of muscular structure

Tongue architecture in surgical areas was almost totally
taken with newly regenerated fibrous connective tissue in
centripetal patterns, and muscle regeneration processes
also followed a typical centripetal gradient (Fig. 5a).
Remaining intermeshed myofibres could be seen in sur-
rounding non-surgery areas (Fig. 5b).

In coronal sections of sham tongues, vertical muscle
fibres were observed as bundles that ran obliquely from
ventral to dorsal sides. This type of structure was seen
more in dorsal halves of the tongue. Longitudinal muscle
was transected, and transverse and vertical muscle fibres
intertwined with each other as they ran within bundles of
longitudinal muscle (Fig. 6a). In reduction tongues,
despite the oblique characteristic, some vertical fibres

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 562-572.

running from lamina propria, were aligned strictly vertically
by crossing transverse fibres, in which numbers of parallel
fibres were seen, without mutual interweaving (Fig. 6b).

In sagittal sections of sham tongues, transverse and
vertically running myofibres were seen to be transected at
different angles, where the muscle bundles could be visu-
alized; longitudinal muscle fibres ran parallel in antero-
posterior direction (Fig. 6¢). In reduction tongues, not
only transversely running myofibres were totally transect-
ed, but also vertically running myofibres were transected
at different angles (Fig. 6d). Fibroblast proliferation
was found in the matrix of dorsal middle (DM) areas of
reduction tongues (Fig. 6e), between perimysium and
endomysium.

In horizontal sections of sham tongues, collagen and
myofibres were found in a well-organized arrangement,
and collagen-rich underlying lamina propria and multiple
transverse muscle fibre bundles were interwoven with
many vertical plus few longitudinal fibres (Fig. 7a). These
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Figure 5. Pattern of muscle repair after the surgery (H&E staining). (a) a 4x coronal image from a reduction tongue, showing the scar tissue in the
middle centre area (MC); the centripetal repair was shown by small arrows. (b) a 10x coronal image from the insert area of the image (a), showing a

number of intermeshed myofibres surrounding the scar tissue.

Figure 6. Muscular structures in the sham and reduction tongues (H&E staining). (a) a 10x coronal image from a sham tongue. (b) a 10x coronal
image from a reduction tongue. (c) a 10x sagittal image from a sham tongue. (d) a 10X sagittal image from a reduction tongue. (¢) a 40X sagittal image

from a reduction tongue.

collagen fibres were localized and also organized in bun-
dles. Disorganized collagen fibres linked with few inter-
mittent muscle fibres were seen in reduction tongues
(Fig. 7b, inset).

Overall, myofibre reconstitution had disorganized
arrangement in all sagittal, horizontal and coronal sections
in reduction tongues compared to sham tongues (compare
Fig. 7a,b). Trichrome staining of sagittal sections further
highlighted collagen-rich areas near incision sites, which
had significantly higher percentages of fibroblast prolifer-
ation and lower percentage of myofibres than sham ton-
gues. Long axis diameters of centronucleate myofibres
were much smaller than those in sham tongues, a sign of
atrophy, with reduced perimysium and endomysium. In
addition, the amount of connective tissues was signifi-
cantly higher compared to sham tongues (compare
Fig. 7c,d). However, myofibres reduced in number and
size could still easily be found at surgical sites of reduc-

tion tongues. Despite the lack of muscle reconstitution,
trichrome staining showed sporadic strands of myofibres
within the network of collagen (Fig. 7d).

Discussion

Cell proliferation and myogenic regeneration of the surgi-
cally injured tongues were comprehensively evaluated
from sagittal, horizontal and coronal orientations in the
present study. In the sagittal view of reduction tongues,
myoblasts were scattered around connective tissue and
within bundles of muscle fibres, which were disconnected
from other muscle fibres and randomly located within a
section. The majority of cell activity shown in tissue sec-
tions, however, was proliferation of connective tissue
cells, which were randomly oriented and extended into
underlying striated muscles. Given that less myofibre
nuclei were identified in sagittal central necrotic zones,

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 562-572.
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Figure 7. Muscular structures in the sham and reduction tongues (trichrome staining). (a and b) 4x horizontal images showing muscular structure
from sham (a) and reduction (b) tongues. Note that the collagen fibres and myofibres alignment are arranged in a well-organized fashion in the sham ton-
gue. However, the amounts of connective tissues are significantly higher in the reduction tongue compared with the sham tongue. The insert area of
image (b) shows disorganized collagen fibres linked with a few intermittent muscle fibres. (c and d) 20x sagittal images showing the endomysium and
perimysium from sham (c) and reduction (d) tongues. Note that myofibres (red) present atrophy with the reduced endomysium and perimysium, and

fibrous tissues (blue) are fully interposed between the atrophied myofibres.

better resistance of satellite cells at the periphery must
account for centripetal progress of regeneration. Besides
that, reduction tongues also showed that cell proliferation
in these connective tissues was much less organized and
was scattered randomly compared to sham tongues. In the
coronal view of reduction tongues, mid regions had high-
est BrdU+ total cell counts, which was due to fibrotic scar
tissue deposition, located near the incision where main
cell activity resided. BrdU+ myofibre nuclei were also
seen within connective tissue areas where fibres were ran-
domly disconnected. In the horizontal view, connective
tissue cells near the incision had lower proliferative
activity in sham rather than reduction tongues. Most
importantly, there were quantitative differences between
labelled myofibre nuclei and connective tissue cell nuclei
with higher proliferative activity in reduction over sham
tongues, although patterns were similar to each other.

In all views, of the three orientations, sham tongues
had more BrdU+ myonuclei compared to BrdU+ connec-
tive tissue cell nuclei. In contrast, reduction tongues had
the opposite trend, that is, more BrdU+ connective tissue
cell nuclei and less BrdU+ myonuclei. This finding clearly
indicates that proliferation of connective tissue cells
prevailed, while capacity of myogenic regeneration was
limited in reduction tongues. On the other hand, despite

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 562-572.

higher proliferative activity of BrdU+ myofibre nuclei in
sham tongues, absolute counts of total BrdU+ nuclei were
still lower in shams than in reduction tongues. Thus,
enhanced cell proliferative activity in reduction tongues
was not attributable to active myogenic regeneration in
response to surgery, but was scar tissue formation or fibro-
sis presented by active cell proliferation in connective tis-
sue cells and vascular endothelium. The present study also
revealed that the sagittal view usually produced higher
counts of BrdU+ cells in comparison to coronal and hori-
zontal sections. This difference may be accounted for as
muscle fibres and connective tissues of the tongue are
oriented more longitudinally than transversely and/or in
dorso-ventral directions.

Muscle repair processes are characterized by a degen-
eration phase followed by regeneration phase in a time-
dependent manner. The initial event is muscle degeneration
and inflammation, which occurs within the first minutes of
injury and continues for up to 1-2 weeks after. Muscle
regeneration becomes apparent starting at 2 days after
muscle fibre damage, especially in the obvious increase
in MPCs; by 4 or 5 days post-injury, muscle fibres are
almost completely established, and after that, fibres grow
and elongate further without forming new fibres (33).
Similar time courses would be expected in tongue striated
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muscle. Fibrosis usually occurs at 2 weeks after injury
and increases over time for up to 4 weeks post-injury
(25). Tt should be noted that pigs in the present study were
maintained for 4 weeks after surgery and BrdU was
injected 1 day prior to killing. This could probably be the
reason why connective tissue prevailed, especially in
reduction tongues at the end point.

An experimental consideration for repair of tongue is
the observation of its centripetal pattern. This pattern fol-
lows a gradient that flows from outer to inner regions,
resulting in formation of different zones within regenerat-
ing myofibres (25). The outer region is considered to con-
tain most mature myofibres, while inner regions contain
less mature ones. Studies have shown that the diameter of
regenerating myofibres increases following a centripetal
gradient up to day 14. By day 28, all regenerated myo-
fibres are centronucleate and their polygonal shape and
organization in fascicles are close to those of normal myo-
fibres (34). This type of myogenic regeneration was also
found in the present study, based on the cell assessment of
different regions in sagittal sections. In reduction tongues,
the central region had highest proliferative activity,
whereas that of dorsal and ventral regions was relatively
low. Thus, the higher proliferation in the centre region
compared to dorsal region showed episodes of the healing
process, which occurred first in the dorsal region and later
in the central region, indicating a clear sign of the centrip-
etal pattern of the repair, as seen in other injured muscles
(34). The ventral region had the lowest proliferative activ-
ity, lower than central and dorsal regions, because it was
less involved by midline uniform tongue reduction sur-
gery, which intended to conserve neurovascular bundles
located in ventral regions of the tongue.

Myoarchitecture of the tongue is believed to consist of
a complex network of interwoven fibres and fibre bundles.
Because of the location of the incision here, extrinsic mus-
cles were less affected, thus the repair process occurred
mainly in intrinsic tongue muscles. These muscles are
organized in three different directions and with distinct
fascicular layers or small bundles of fibres interdigitating
with each other at approximate right angles. Based on
three directional views of the surgical area, muscular
fibres running in longitudinal, transverse and vertical ori-
entations were all transected by the surgical incisions from
different angles, and reconstructed muscle structure was
more organized in sham than in reduction tongues, imply-
ing that complete functional recovery from surgery in
reduction tongues might not be possible because the
reconstitution of the muscular structures was not accom-
plished.

Myogenic regeneration is a complex process during
which both extrinsic and intrinsic factors play important
roles. Factors that control and alter this process include

satellite cell activation, migration to the injury site, prolif-
eration of MPCs and differentiation to myotubes and myo-
fibres (25). Alternatively, fibroblasts invaded the gap and
began to produce ECM to restore the framework of the
structures, and fibrosis occurred leading to the formation
of scar tissue. Compared with the sham tongues, the surgi-
cal area in the reduction tongues was mostly composed of
collagen-rich fibre bundles, a sign of partial fibrosis.
When fibrotic tissues form the surgical area, the recovery
of normal tissue architecture and functionality are
compromised. Fibrosis may cause decreased muscle
contractility and reduction in the range of movement.
Furthermore, excessive fibroblast proliferation produced a
larger scar that may limit the extent of myogenic regenera-
tion. These consequences could cause the functional
recovery of tongue musculature remaining incomplete.
Therefore, the healing or repair of the injured tongue is
not the reconstitution of muscle fibres but an adaptation to
a new morphology after surgical injury.

There are two possibilities of myogenic fate following
surgical tongue volume reduction. Myofibres that were
found within the scar tissue might originate from the
sprout of residual myofibres and they were actually regen-
erating ones from myonenic progenitor cells, i.e. satellite
cells. As stated previously, because the double staining for
the sarcolemmal label was not applied, the present study
lacks of power to identify the source of origin for BrdU+
cells. Nevertheless, given the fact that the majority of
BrdU+ myonuclei cells were found in the disconnected
muscle fibres near the surgical sites, it is reasonable to
assume that these cells originated from the myogenic pro-
genitor pool located between the basal lamina and plasma
membrane of the tongue (35). Furthermore, as the myo-
genic regeneration was centripetal by progressing from
the outer to inner regions, the formation of successive
zones of degeneration and regeneration was visualized in
the present study. Because of the limited time period, the
present study might lack the capacity to reveal the fate of
these regenerated myofibres and to know whether they
eventually fuse to rebuild the tongue muscular structure.
However, it has been demonstrated that when the forma-
tion of scar tissue (fibrosis) begins between the second
and third weeks after injury, and increases in size over
time, this appears to be the end product of the muscle
regeneration process (11). We therefore believe that as
long as the scar is formed and exists in the reduction ton-
gues, a complete reconstruction of muscular structure and
fully functional recovery are unlikely to occur.

Muscle healing and repair involves myogenesis, reinn-
ervation and revascularization, and this process is regu-
lated by multiple biochemical and molecular pathways,
including those initiated by inflammatory cytokines,
growth factors and the evolutionarily conserved Notch,
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Wnt and Sonic Hedgehog signalling pathways (36-39). It
also has been shown that the growth factors, including
insulin-like growth factor-1, basic-fibroblast growth factor
and nerve growth factor, can improve muscle regeneration
during the preliminary phase of healing, but the post-
injury healing process remains incomplete (11,40,41).
Fibrosis, on the other hand, is demonstrated by large
increases in collagens types I and III in muscle ECM.
Fibrosis is regulated by signalling through transforming
growth factor-f (TGF-) and offset by upstream hepato-
cyte growth factor signalling, which acts as a TGF-f
antagonist (42). However, none of the growth factors that
have been investigated appears capable of completely
healing the injured muscle, possibly because of the devel-
opment of fibrosis. The use of anti-fibrosis agents that
antagonize the effect of TGF-B can prevent fibrosis and
improve muscle healing and repair, resulting in nearly
complete recovery (11). Optimal muscle recovery may
require the use of novel technologies, such as gene ther-
apy and tissue engineering, to achieve both high levels
and long-term persistence of these growth factors and
cytokines within the injured muscle.

Therefore, the development of biological approaches
to prevent muscle from fibrosis should have a great poten-
tial to enhance muscle healing and repair. However, if
the scar already forms as seen in the present study, the
approaches must require the elimination of the scar tissue
prior to the application for enhancement of myogenic
regeneration and the prevention of ECM deposition. To
date, biological approaches to improve muscle healing by
enhancing myogenic regeneration and reducing the forma-
tion of fibrosis remain to be investigated and developed.

In conclusion, from the present study, we suggest that
(i) myogenic regeneration of the surgically injured tongue
follows a centripetal pattern and was complete in sham
but incomplete in reduction tongues after surgery, (ii) par-
tial fibrosis without predominant myogenic regeneration
was the major histological consequence in reduction ton-
gues after surgery, (iii) because the repair was not recon-
stitution of muscular structure but was an adaption to new
morphology, the intricate three-dimensional architecture
of tongue musculature was not reconstructed and
(iv) excessive fibrosis and formation of scar in the surgical
area hindered the process of myogenic regeneration,
which in turn limited functional recovery of the tongue
after surgery.
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